ABSTRACT. Genome-wide re-sequencing of the Zhenshan 97 (ZS97) and Milyang 46 (MY46) parents of an elite three-line hybrid rice developed in China resulted in the generation of 9.91 G bases of data with an effective sequencing depth of 11.66x and 11.51x, respectively. Detection of genome-wide DNA polymorphisms, single nucleotide polymorphisms (SNPs), short insertions/deletions (InDels; 1-5 bp), and structural variations (SVs), which is an invaluable variation resource for genetic research and molecular markerassisted breeding, was conducted by comparing whole-genome resequencing data. 180 InDels 3-8 bp in length between ZS97 and MY46 were selected for experimental validation; 160 polymerase chain reaction products were efficiently separated on 6% non-denaturing polyacrylamide gels. Identification of genome-wide variation among the parents of the elite hybrid as well as the set of 160 polymerase chain reaction-based InDel markers will facilitate future genetic studies and the molecular breeding of hybrid rice.
INTRODUCTION
A wide range of naturally occurring variation exists in rice cultivars. These variations of polymorphisms in DNA sequence are the basis of genetic diversity and can be exploited as genetic molecular markers for genetic research and molecular breeding. Numerous types of molecular markers have been developed, such as random amplified polymorphic DNA, amplified fragment length polymorphism, and simple sequence repeats (Jones et al., 2009) . Advances in re-sequencing technology have enabled identification of genome-wide genetic variations through large-scale re-sequencing, including millions of single nucleotide polymorphisms (SNPs), the most frequent polymorphism in the genomes of most organisms, and insertions/deletions (InDels) . The discovery of SNPs in plant and animal gene pools through genome-scale re-sequencing has enabled the development of high-throughput SNP markers and SNP genotyping platforms. Unlike SNPs, which have been studied extensively, other forms of nature genetic variation, such as short InDels (1-5 bp), remain largely undetermined.
China's rice breeders began hybrid development in 1964 using a three-line hybridbreeding system. By 1976, China started large-scale commercial production of the threeline hybrid rice. This technology has contributed to improving food security in China; the increased yield of hybrid rice has helped China feed an extra 60 million people every year (Li et al., 2009a) . In the three-line hybrid rice-breeding system, the cytoplasmic male sterility line was crossed with the restorer line (R line) to produce F 1 hybrid rice, and with the maintainer line (B line) for self-reproduction. Shanyou 10, an elite hybrid that dominated hybrid rice production in South and Central China with 2.35 million hectares of coverage in 1990-2005, was bred from the Zhenshan 97A (ZS97A) and Milyang 46 (MY46) parents (Wan, 2010) . These are the most frequently used parents in China, either directly as parents for other hybrids or as crossing donors for parental breeding. ZS97A, an elite cytoplasmic male sterility line, is the most frequently used female parent of widely planted hybrids in China. Zhenshan 97 (ZS97), the B line of ZS97A, is a typical early season indica variety from south China. MY46 is an elite R line derived from a cross involving three International Rice Research Institute varieties (IR8, IR24 and IR262) (Xu et al., 1989) . These 2 varieties are representative parents from 2 heterotic pools (early season indica varieties in South China as female parents and low latitude indica varieties from International Rice Research Institute or from other Southeast Asian countries as male parent) identified for the three-line hybrid rice in China. Next-generation sequencing technology allowed the discovery of a large number of SNPs and InDels by comparing high-quality re-sequenced whole genome of individuals. Some studies have investigated the genome-wide DNA polymorphisms between indica and japonica cultivars , among japonica Arai-Kichise et al., 2011) or among indica R lines . Until recently, however, little information was available regarding genome-wide polymorphisms between elite hybrid parents, particularly the parents of large-scale planted elite hybrids in China. Further studies examining the genetic diversity of elite hybrid parents can improve our understanding of the 2 heterotic pools of hybrid rice breeding and promote the improvement of R lines and B lines for super-hybrid rice breeding.
Many genes/quantitative trait loci (QTL) have been cloned by QTL mapping using indica/indica dual-parent segregation population (Fan et al., 2006; Xue et al., 2008) . Indica/ indica crossing is a common pattern observed in molecular marker-assisted selection (MAS) breeding in indica variety breeding. Limited marker information among indica/indica, however, is a restricting factor in genes/QTL mapping and MAS breeding. To further investigate the utility of short InDels (3-5 bp) among elite three-line hybrid parents in QTL mapping or MAS breeding, we verified the availability of a set of short InDels as a new polymerase chain reaction (PCR)-based molecular marker resource.
The objective of the present study was to identify whole genome-wide DNA polymorphisms between the B line (ZS97) and R line (MY46) of an elite 3-line indica hybrid (Shanyou 10) in China as well as investigating the possible use of short InDels. The wholegenome re-sequencing analysis of ZS97 and MY46 was completed using the Solexa sequencing technology. The sequence-generated reads were mapped to the high-quality 9311 genomic sequence, and genome-wide variations were identified through comprehensive detection of SNPs, InDels, and structural variations (SVs) across the genome. The discovery of these genetic variations provides vital clues for unraveling the genetic basis underlying heterosis in hybrid rice and for improving hybrid rice. A new set of 160 PCR-based short InDel markers developed in this study is a new economically attractive DNA marker resource for genetic research and MAS breeding.
MATERIAL AND METHODS

Sample preparation and sequencing
Genomic DNA was extracted from the leaf tissues of an individual plant using a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The DNA from each line was then fragmented randomly. After electrophoresis, DNA fragments of the desired length were gel-purified. Adapter ligation and DNA cluster preparation were performed and subjected to Solexa sequencing (Illumina, Inc., San Diego, CA, USA).
Read mapping
The raw pair-end (PE) sequencing reads were aligned to the 9311 reference genome sequence using SOAPaligner (Li et al., 2008) using the following criteria: if an original read could not be aligned to the reference sequence, the first base of the 5'-end and the last 2 bases of the 3'-end were deleted and then realigned to the reference. If alignment could still not be achieved, 2 more bases from the 3'-end were deleted. This procedure was repeated until the alignment was successful or the modified read was less than 27 bp. The average re-sequencing depth and coverage were calculated based on the alignment results.
Assembly of consensus sequences and detection of SNPs
Based on the alignment results and considering factors such as data characters, sequencing quality, and some other factors from experiments, a Bayesian model was applied to compute the likelihood of genotypes with the actual data. The genotype with the maximum likelihood was selected as the genotype of the re-sequencing individual at a specific base, and a quality value was designated accordingly to reveal the accuracy of the genotype. Polymorphic loci against the reference sequence were selected and filtered if specific criteria were met (e.g., the quality value >20 and at least 2 supporting reads) using SOAPsnp (Li et al., 2009b) .
Detection of InDels and SVs
Mapped reads that met the PE requirements and contained gaps at only 1 end were used to detect short InDels (≤5 bp). The lengths of the detected InDels were within the range 1-5 bp. Gaps supported by ≥3 PE reads were retained using SOAPindel (Li et al., 2013) . According to the principle of PE sequencing, 1 PE read should be aligned to the forward sequence and another should be aligned to the reverse in normal situations. The distance between the 2 aligned positions on the reference sequence should be in accordance with the size of the insert. If the directions or spans of the alignments of the 2 paired reads were different from what was expected, the region may contain SVs. Abnormal PE alignments observed in our analysis were further analyzed by clustering and compared with previously defined SVs. The SVs were detected using SOAPsv (http://soap.genomics.org.cn) with support from ≥3 abnormal PE reads.
Variations of SNPs and InDels between ZS97 and MY46
Variations of SNPs and InDels detected for the 2 parental lines were further compared to identify the identical and different SNP/InDel variation. Only variations with ≥3 effective sequence reads were mapped for 2 individuals and selected for further comparison.
Development of short InDel markers
InDels with insertion/deletion size ≥3 bp between ZS97 and MY46 were selected for further marker design. The Oligo 7.57 software (Molecular Biology Insights, Inc., Cascade, CO, USA) was used to design PCR primers, with a constraint of generating products of 70-180 bp. Genomic DNA was extracted from the leaves of ZS97 and MY46 (Zheng et al., 1995) . PCR amplification was conducted as described (Chen et al., 1997) . PCR products were separated by electrophoresis (6% non-denaturing polyacrylamide gel) and visualized by silver staining.
RESULTS
Genome sequencing
Whole-genome sequencing was conducted on the genomic DNA of ZS97 and MY46 using the Solexa sequencing technology. Two DNA libraries were constructed and 9.91-G bases were generated. The alignment of reads was used to build consensus genome sequences for each rice accession. Approximately 84.04% high-quality raw databases were aligned with the reference sequence of the 9311. The resulting consensus sequence of the 2 rice accessions covered 88.69 and 88.58% of the reference genome; on average, effective sequencing depths of 11.66x and 11.51x were achieved for ZS97 and MY46, respectively (Table 1) . 
Identification and distribution of variation across the rice genome
A total of 364,488 SNPs, 61,181 InDels, and 6298 SVs were detected between ZS97 and the 9311 reference sequence; 364,179 SNPs, 61,984 InDels, and 6408 SVs were detected between MY46 and the 9311 reference sequence ( Table 2 ). The total polymorphisms detected in the 2 parental lines varied across different chromosomes. The largest number of polymorphisms (52,639 and 56,817) was observed on chromosomes 1 and 5 for ZS97 and MY46, respectively, while chromosomes 5 and 11 showed the lowest number of polymorphisms for ZS97 and MY46, respectively.
The genomic distribution of DNA polymorphisms (SNPs, InDels, and SVs) between the 2 accessions and the 9311 reference genome were examined by calculating the frequency of polymorphisms observed for each 500-kb interval along the chromosome. The average density of DNA polymorphisms detected per 500 kb across the genome in ZS97 and MY46 were similar to the 486.6 and 486.2 SNPs, 81.7 and 82.7 InDels, and 8.4 and 8.6 SVs, respectively (Table 2 and Figure 1 ). The frequency of SNPs within the genome with chromosomes 11 and 5 showed the highest (721.0) and the lowest densities (368.7) per 500-kb interval in ZS97, while chromosomes 11 and 5 showed the lowest (313.0) and the highest densities (765.0) per 500-kb interval in MY46; similar frequency results with SNPs were observed for InDels. The frequency of SVs within the genome with chromosomes 11 and 7 showed the highest (12.0) and the lowest densities (5.7) in ZS97, and MY46 showed chromosomes 5 and 2 with the highest (11.5) and the lowest densities (6.0) ( Table 2) .
Of the total short InDels (1-5 bp) detected between samples and the 9311 reference sequence, 30,411 insertions and 30,770 deletions were detected in ZS97 and 30,920 insertions and 31,064 deletions were detected in MY46. A skewed distribution was observed for InDel length, and most (72.5 and 72.1%) were mononucleotides, while 11.6 and 12.0% were 3-5-bp insertions or deletions in ZS97 and MY46, respectively (Table 3) . (Table 4 and Table S1 ). The frequency of SNPs between ZS97 and MY46 varied from 283.1 SNPs/Mb on chromosome 8 to 984.7 SNPs/Mb on chromosome 11, with an average of 485.2 SNPs/Mb; the frequency of InDels between ZS97 and MY46 varied from 1.4 InDels/Mb on chromosome 4 to 5.9 InDels/Mb on chromosome 12, with an average of 3.2 InDels/Mb (Table 4 ).
Of the total 1205 different InDels detected between ZS97 and MY46, length varied in the range of 1-8 bp, indicating bias towards mononucleotide InDels, most (50.8%) of which were mononucleotides, 34.3% were of 2 bp variation, and 14.9% were of 3-8 bp variation (Table 3) . InDels ≥3 bp, which can be observed easily on polyacrylamide gel electrophoresis, are potential variations that can be used for PCR-based marker design.
Potential of short InDels as PCR-based markers
Whole-genome sequencing technology allowed the detection of InDels as well as of SNPs. To validate the availability of InDels identified between the two 3-line restorer and maintainer accessions as novel PCR-based DNA markers, we selected short InDels ≥3 bp and converted them to PCR-based markers. A total of 180 InDels (3-8 bp), which were distributed across the 12 chromosomes varying from 30 InDels on chromosome 3 to 6 InDels on chromosomes 7 and 11, were selected between the ZS97 and MY46 genomes. Based on this selection, we designed primer pairs to amplify 70-176 bp surrounding the InDels. Following PCR analysis, all 180 primer pairs showed reliable amplification using genomic DNA of ZS97 and MY46 as the DNA template; 160 of the InDels (88.9%) identified were polymorphic between ZS97 and MY46 as determined using electrophoresis (6% non-denaturing polyacrylamide gel) and 20 were non-significant polymorphisms [ Table 5, Table S2 and Figure S1 (A-L) Table 4 . Variations detected between the two re-sequencing samples. 
